
4

derr

−ΔLctrl

ΔLres

dctrl

xT
(PC)

Sensing

Actuation

Digital
Filter

ΔLfree

h

C

D

A

Realtime interferometer control Calibration pipeline

1/L

-1

1/C(model)

A(model)

FIG. 2: DARM Control Loop and Calibration Procedure.
The DARM control loop is shown in the grey box on the left.
The sensing plant C produces the detector output derr in linear
response to residual di↵erential arm motion �Lres. The digital
filters D are known filters conditioning the detector output derr

into a control signal dctrl. The actuation plant A takes the
control signal dctrl and actuates on the optics by �Lctrl to

maintain cavity resonance. The pink box on the right shows
the calibration procedure, consisting of an inverse sensing

model 1/C(model) and actuation model A(model). The output of
the calibration pipeline is GW strain data h(t).

system, including transimpedance electronics and anti-aliasing
filters, all known to negligible uncertainty. The parameter vec-
tor ~�C defines a set of the time-independent, reference sensing
parameters whose values are fit to non-negligible precision:
~�C =

⇣
HC fCC �⌧C fS Q�1

S

⌘T
, where �⌧C is a correction

time delay factor on the model time delay ⌧C . The nominal
values of the reference sensing parameters ~�C for each detector
are found in Table I.

Our model of the sensing function C(model)( f , t,~�C) is an
approximation. The true detector sensing function changes
over time and deviates from the sensing model at high frequen-
cies. The sensing model dynamically corrects for C(t) with
real-time measurement. However, fCC , fS , and Q�1

S are also
changing in time, but are not corrected for in the model. At
present, the time dependence in fCC is included in the calibra-
tion uncertainty budget as a known systematic error, since it is
tracked via real-time measurement but cannot yet be dynami-
cally corrected for in the model. The time dependence in fS
and Q�1

S results in expanded uncertainty at low frequency. The
total systematic error in the sensing function, �C( f , t), is

�C( f , t)
C(model) =

 
1 + i f / fCC

1 + i f / fCC(t)

!
�CGP( f )
C(model) e�2⇡i f �⌧C . (10)

The first term is the explicit correction for time dependence of
the coupled cavity pole, fCC(t). A correction time delay factor
�⌧C modifies the original time delay ⌧C included in the model.
Further systematic errors may originate from the uncorrected
time dependence of fS and Q�1

S or additional unknown system-
atic errors. Any remaining frequency dependent systematic
errors are covered by a Gaussian Process regression �CGP( f ).

Quantifying errors �CGP( f ) is explained further in Section III.

B. Actuation Model

The Advanced LIGO test masses are suspended via quadru-
ple cascaded pendula. Each suspension stage has independent
actuators, as shown in Figure 1. The control signal, dctrl, is
digitally distributed as a function of frequency to each stage’s
actuators via a digital-to-analog converter and signal process-
ing electronics to create the control displacement, �Lctrl. The
distribution filters are designed taking into account all actua-
tors’ authority to displace the test mass. On the upper inter-
mediate and penultimate stage, the digital-to-analog converter
drives electromagnets on the reaction stage creating a force
on magnets attached to the suspended stage. On the test mass
stage, the digital-to-analog converter drives an electrostatic
system which creates a force, quadratic in the applied poten-
tial, via dipole-dipole interactions between the test mass and
a pattern of electrodes on the reaction mass (see Figure 1).
With a large bias voltage and low control voltage, the requested
actuation forces on the electrostatic system are in the linear
regime. Any time-dependent change to the slope of the linear
response due to quadratic terms is measured continuously, as
described below.

The sum of the paths the digital control signal, dctrl, takes
through each stage to displace the test mass, �Lctrl, makes up
our total actuation model:

A(model)( f , t,~�A) =

T (t) FT ( f ) HT AT ( f )

+ PU(t)
⇣
FP( f ) HP AP( f )

+ FU( f ) HU AU( f )
⌘�

e�2⇡i f ⌧A (11)

where U, P, and T represent the three stages used for con-
trol; the upper-intermediate, penultimate, and test mass stages,
respectively. Each stage is composed of the normalized electro-
mechanical frequency response of the pendulum and its actua-
tors, Ai( f ), the digital distribution filter, Fi( f ), a dimensionful
scale factor, Hi, and an overall digital delay, ⌧A, defined by
the common computational delay from each stage. The model
time delay ⌧A is 45 µs for L1 and 61 µs for H1. PU(t) is the
time dependence of the penultimate and upper intermediate
scale factor, and T (t) is the time dependence of the test mass
scale factor [30].

The penultimate and upper intermediate scale factor PU(t)
is not expected to vary much over time, as it represents the
change in the electromagnetic coil actuators’ strength. The
test mass scale factor T (t) does vary significantly over time
as the electric charge on the test mass builds up, changing the
actuation strength of the electrostatic drive.

The reference scale factor for each stage, Hi, collects scale
factors from that of the digital-to-analog converter in volts /
count, each stage’s drive electronics in amps / volt or volts
/ volt, the actuator itself in newtons / amp or newtons / volt
depending on the stage, and the sti↵ness of the suspension in
meters / newton. Time delay correction factors for each stage


